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Abstract. This work presents a study of high density polyethylene (hdpe) strain under biaxial 
loading. An Arcan apparatus is achieved in order to load a newly-designed flat specimen 
called “butterfly specimen” to various combinations of tensile and shear loading. These 
specimens have a central region with a minimal thickness (1mm); witch constitutes a small 
area where the strain and the stress should be uniform before necking. All tests are conducted 
on an Instrone tensile machine at constant speed of the upper cross-head (v = 0,5 mm/min) at 
the ambient temperature. Displacement fields are measured in the central area of the 
specimens, during the tests, by coupling digital image correlation (DIC) with imaging using 
high-speed CCD cameras placed in front of the specimen. The experimental results show a 
strain localisation in the specimen gauge section.  
 
 
1 INTRODUCTION 
The diversity of polyethylene applications, particularly of the high density polyethylene 
(HDPE), made of him a material which receives a double attention over the years. Indeed, it is 
considered as a material model for the scientifics for the study of the semicrystalline 
polymers. The mechanical answer of the hdpe in uniaxial loading was the subject of several 
studies [1-7]. However, in main applications the material is submitted to multiaxial stress stat, 
what makes important the investigation of its behavior in these conditions. Few works have 
been achieved on polymeric materials behavior under multiaxial loading [8,9]. Recently, 
works on the epoxy, the polyethylene and the polypropylene in biaxial loading were based on 
tensile (or compression) tests combined to an internal pressure on hollow tubes [10-13] and 
on pvc and hdpe in biaxial tension [14]. The authors studied the yielding and fracture of these 
materials and strain rate and temperature effects on their behavior. In biaxial loading, the 
choice of the specimen shape and the test method used is imperative. The use of new 
particular shape specimens (butterfly specimens) developed initially by Bao and al [15,16] 
permit to develop a plane stress states in the central gauge section of these specimens when 
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they are submitted to biaxial loading. It’s an interesting advantage for the investigation of the 
strains field measurement in specimens during biaxial tests. Therefore, the purpose of the 
present work is to investigate the strain field localisation in the central section of this category 
of specimen for hdpe material under biaxial loading. In order to subject the butterfly-shaped 
hdpe specimens to combinations of shear and tension, a specific Arcan apparatus is used [17]. 
By suitably changing of the specimen orientation with respect to the loading direction 
(vertical displacement of upper cross-head of the tensile machine), different stress states 
would develop in the specimen gage section: from pure tension, combined tension and shear, 
to pure shear. The investigation of strain fields was performed by using digital image 
correlation (DIC). With this method it has been possible to observe the local mechanical 
behaviour of many materials like metals, ceramics and polymers [18–20] and it can achieve 
good reliability and accuracy for the strain mapping of the planar deformation of flat object. 
The present paper is organized as follows. In Section 2, we present the specimen geometry 
and the mechanical testing protocol with the application of the DIC technique to evaluate the 
strain fields. The experimental results are presented and discussed in Section 3 and the 
conclusion is given in the section 4.  
2 EXPERIMENTAL METHOD  
2.1 Specimen preparation 
The material investigated in this study is a high density polyethylene (hdpe). Its main 
characteristics are given in Table 1. The specimens used were machined from the same tube 
exhibiting an outer and inner diameter of 250 mm and 214mm respectively. These specimens 
were cut off in the extrusion direction (fig.1.a).  They have complex, double curvature 
geometry in the gauge section. To hold the specimen securely, two long shoulders are 
designed to provide sufficient gripping (fig.1.b). The central region with a minimal thickness 
(1mm), much smaller than the thickness of the shoulder region (3mm), constitutes a small 
area where the strain and the stress should be uniform before striction.. This new type of 
specimens called butterfly specimen was first developed by Bao and al [15,16] and was 
successfully used to calibrate the fracture properties of A710 steel in biaxial loading. In the 
recent literature, similar specimens are used by Mohr and Henn to calibrate a crack formation 
criteria for metals [21, 22]. As well, it has also been applied to other materials as the alloys of 
aluminium [23, 24] and the PP/EPR/TALC blend [25].  
 
 
Table1: Physical properties of studied HDPE 
 
Volumic Mass 930 Kg/m3 
Middle Mean molar mass Mw 310 000(g/ mole) 
cristallinity rate Xc 66% 
Melt temperature Tf 128,8°C 
Indices of fluidity 0,2-1 ;4 g/10(min)
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Figure.1. (a) Extraction of specimens from the PE-pipe. 
                          (b) Shape and dimensions of the butterfly specimen 
2.2 Biaxial tests 
The Arcan apparatus has been proposed initially by Arcan and al. [26] in order to study the 
reinforced composites behaviour in biaxial loading. The method was also recently applied to 
investigate the yield behavior of aluminum foams by Doyoyo and Wierzbicki [27]. In this 
present work, the device that we conceived and achieved is composed of two semi-circular 
steel plates fixed to the tensile machine by intermediate grips. The displacement of the half 
superior disk is oriented vertically in the loading direction by guide rods. Any rotation or 
misalignments of specimens are prohibited during the tests. Figure 2 illustrates a butterfly 
specimen mounted in the device with the orientation angle α=60° to the vertical. By suitably 
changing the specimen orientation with respect to the loading direction (vertical displacement 
of upper cross-head of the tensile machine), different stress states would develop in the 
specimen gage section: pure tension, combined tension and shear; and pure shear. The vertical 
reaction forces of the specimens were measured by a load cell. All the tests are conducted on 
an INSTRÖN hydraulic tensile machine at constant speed of the upper cross-head (v =0,5 
mm/mn) at the ambient temperature. 
2.3 Digital images correlation technique
The digital image correlation method (DIC), developed since the 80s [28-30] is based on 
comparison of two images in random gray levels recorded before and after deformation. The 
first image is called "reference" and the second "deformed" [31]. Displacement vectors are 
determined by comparing the two pictures. The first picture is divided into small subwindows. 
The discrete matrix of the values of the pixel grey level in each subwindow forms a unique 
fingerprint identification within the image. Therefore, at every ‘point’, i.e., at every 
subwindow center, it is possible to determine the in-plane displacement vector (figure 3).  
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Figure.2. Arcan apparatus with a butterfly PE specimen 
 
 
Figure.3. Schematic drawing of relative location of sub-images of the deformed and undeformed images on 
surface [32] 
 
In this study, a random speckle pattern is obtained by spraying the butterfly specimen 
surface with white paint (Figure 4). The sample surface is illuminated with white light and 
images are taken by a CCD camera (1376x1040 pixels) mounted on an adjustable support. 
The distance between the specimen and the camera is adjusted so that the study area is 
focused in the camera along the test (figure 2). These images are stored throughout the test in 
a PC by Davis© software. It scans and sets the speckle after treatment for each recorded image 
mapping planar points. In the images, the user selects the area of study called "mask" which 
contains a set of points (pixel cells) where he wishes to measure. Thus, when the correlation 
between two images, each "point" will provide the value of the displacement vector. By 
Y 
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derivation of the displacement field, we obtain the deformation field of the study area. 
In our case, the mask is a rectangle (13x3mm2) delimiting the central region of the 
specimen butterfly (figure 4). Each "point" measurement is a small area of the image 
36x36pixels2 containing a sufficient number of random patterns to be unique within the scope 
of the image. Displacement fields are determined by correlation in absolute mode: images 
acquired successively during the test are compared to the original image (no distorted). The 
operation is repeated for all the images recorded during the test. The displacement field of the 
set of points of the mask is obtained, which allows, by deriving, for the strain field around the 
mask concerned. 
 
 
Figure.4. Random speckle pattern on butterfly PE specimen 
3 RESULTS AND DISCUSSION 
Positive vertical displacements were applied on the butterfly specimens at different loading 
angles. In this study we consider three tests: pure tensile (α = 90°), combined tensile and shear 
(α = 45°); and pure shear (α = 0°). The figures 5, 6 and 7 shows the Load–displacement 
curves and the corresponding strain-displacement curves obtained from DIC calculation in 
linear elastic response for the loading angle α = 90°, α = 45° and α = 0° respectively. 
In the load displacement curves, we observe an initial linear elastic response followed by a 
nonlinear response which becomes increasingly nonlinear with increasing displacement up to 
reach almost a zero slope. The only divergence from this trend is seen for the loading angle of 
90° which exhibit a significant load softening after the rollover to yield prior to load 
stabilization. The peak load denotes the onset of necking at the central section and this is due 
to the uniaxial tensile stress state which prevails at this loading angle. 
The strain-displacement curves obtained from DIC calculation show the evolution of the 
in-plane deformation gradients: Eyy, Exx and Exy according to the vertical displacement in 
the middle of the butterfly specimen. 
The strain map obtained by means of DIC measurements at the yield point shows that the 
strain fields are localised in the central section of the butterfly specimens for the three loading 
angle considered (α = 90°, α = 45° and α = 0°) (Figure. 8) and one can clearly observe that 
for α = 45° particularly, all the strain gradient components are localised in this area. 
Speckle 
Mask 
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The observations on the global response are confirmed by this DIC strain results. 
Especially, the transition from a planar tension-dominated state for α = 90° to a shear-
dominated state for α = 0° is well transcribed by these local data. In fact, the values of Eyy 
and Exy are considerably higher than the other components values for α= 90° and α= 0 
respectively..  
 
Figure.5. Load-displacement response of the butterfly-shaped specimen and strain-displacement curves 
obtained from DIC calculation for α = 90° 
 
 
Figure.6. Load-displacement response of the butterfly-shaped specimen and strain-displacement obtained 
from DIC calculation for α = 45° 
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Figure.7. Load-displacement response of the butterfly-shaped specimen and strain-displacement obtained 
from DIC calculation for α = 0° 
 
Figure.8. Eyy, Exy and Exx strain map in the central section of butterfly-shaped specimens: 
(a) α = 90°, (b) α = 45°, (c)α = 0°. 
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4 CONCLUSION 
The aim of this work was to study the strain field localisation in the central gauge section 
of the butterfly specimen under biaxial loading. The use of the Arcan apparatus permitted us 
to conduct biaxial loadings: tensile/shear by changing of the specimen orientation with respect 
to the loading direction. Digital image correlation technique applied to our experiments 
permitted us to determine the local strain in the elastic response for tensile, shear and 
combined tensile shear tests. It also indicates that the strain field is localised in the central 
area of the butterfly specimen which we have defined by the mask. Al so, the DIC strain 
results have confirmed the global response of the butterfly specimen under biaxial loading. 
REFERENCES  
[1] C. G’Sell, J.M. Hiver, A. Dahoun, A. Souahi, Videocontrolled tensile testing of polymers 
and  metals beyond the necking point. J. Mater. Sci. (1992) 27 5031–5039. 
[2] R. Hiss, S. Hobeika, C. Lynn, G Strobl. Network stretching, slip processes and 
fragmentation of crystallites during uniaxial drawing of polyethylene and related 
copolymers. A comparative study. Macromolecules (1999) 32 4390–4403. 
[3] S. Hobeika, Y. Men, G. Strobl, Temperature and strain rate independence of critical 
strains in polyethylene and poly(ethylene-co-vinyl acetate). Macromolecules (2000) 33 
1827– 1833. 
[4] S. Nikolov, I. Doghri, O. Pierard, L. Zealouk, A. Goldberg, J. Multi-scale constitutive 
modeling of the small deformations of semi-crystalline polymers. Mech. Phys. Solids 
(2002) 50 2275–2302. 
[5] A. Dasari, R.D.K. Misra.. On surface deformation of melt-intercalated polyethylene-clay 
nanocomposites during scratching. Mater. Sci. Eng. (2003) A 358 356–371. 
[6] G. Ayoub, F. Zaïri, . Naït-Abdelaziz, J.M. Gloaguen. Modelling large deformation 
behaviour under loading– unloading of semicrystalline polymers: Application to a high 
density polyethylene. Inter. Jour.of Plast. (2010) 26 pp. 329-347. 
[7] K. Hachour, R. Ferhoum, M. Aberkane, F. Zairi and M. Nait-Abdlaziz. Experimental
characterization and effect of the triaxiality on the behaviour of the HDPE. Dam. Fra. 
Mech: Fail. Anal. of Eng. Mat. and Stru., Springer Science. (2009) 43-48. 
[8] P . B. BOWDEN and J . A. JUKES, The plastic flow of isotropic polymers. J. Mater. Sci., 
(1972). 7, 52-63  
[9] R. K. Mittal and I . P . Singh, Large deformation behaviour of some thermoplastics. 
Polym. Eng. Sci. (1982) 22  358. 
[10] R. S . Kody and A. J . Lesser, Deformation and yield of epoxy networks in considered 
states of stress. J. Mater. Sci. (1997) 32 5637. 
[11] A. J . Lesser and R. S . Kody, A generalized model for the yield behavior of epoxy 
networks in multiaxial stress states. J. Polym. Sci.: Part B: Polym.Phys. (1997)35  1611. 
[12] M. E. Tuttle,M. Semeliss and R. Wong, The elastic and yield behavior of polyethylene 
tubes subjected to biaxial loadings. Exp. Mechan. (1992) 1. 
[13] N. E. Bekhet, D. C. Barton and G. Craggs, Biaxial yielding behaviour of highly 
oriented polypropylene tube. J. Mater.Sci. (1994) 29 4953
1043
K. Hachour, M. Aberkane and R. Ferhoum 
9 
[14] Anne Serine Ognedal,, Arild Holm Clausen Mario Polanco-Loria , Ahmed Benallal 
Bumedijen Raka, Odd Sture Hopperstad. Experimental and numerical study on the 
behaviour of PVC and HDPE in biaxial tension. Mechanics of Materials (2012)54  18–31 
[15] Y. Bao, Y. Bai and T.Wierzbicki, Calibration of A710 steel for Fracture. Fracture 
Tech Report No. 135, Impact Crashworthiness Lab, MIT: Cambridge, MA, (2005). 
[16] T. Wirzbicki; Y.Bao and Y. Bai, A new experimental technique for constructing a 
fracture envelope of metals under multi-axial loading. Proc. SEM. Annu, Conf. 
Exposition. Apply. Mech, (2005) 1295,. 
[17] K. Hachour, R. Ferhoum, M. Aberkane, Experimental investigation of high density 
polyethylene yield surface under biaxial loading. Proceedings of the ASME, 11th Biennial 
Conference on Engineering Systems Design and Analysis (ESDA2012)-Volume 1 (2012), 
491-497, 
[18] Sutton MA, Cheng M, Peters WH, Chao YJ, McNeill SR. Application of optimized 
digital correlation method to planar deformation analysis. Image vis comput 
(1986);4:143–50 
[19] Chevalier L, Calloch S, Hild F, Marco Y. Digital image correlation used to analyze 
the multiaxial behavior of rubber-like materials. Eur J Mech A Solids (2001);20:169–87. 
[20] Watrisse B, Chrysochoos A, Muracciole JM, Némoz Guillard M. Analysis of strain 
localization during tensile test by digital image correlation. Eur J Mech A Solids 
(2000);20:189–211. 
[21] D. Mohr and S. Henn, A New method for calibrating phenomenological crack 
formation criteria, Technical Report 113, Impact and Crashworthiness Lab, MIT, (2004). 
[22] D. Mohr and S. Henn, Calibration of stress-triaxiality dependent crack formation 
criteria: a new hybrid experimental–numerical method. Exp. Mech. (2007) 47 (6), 805–
820,. 
[23] Mae, H.; Teng, X.; Bai, Y.; Wierzbicki. Calibration of ductile fracture properties of a 
cast aluminum alloy. Mater. Sci. Eng (2007) A, 459 (1–2), 156–166 
[24] Teng, X.; Mae, H.; Bai, Y.; Wierzbicki T,. Statistical analysis of ductile fracture 
properties of a cast aluminium alloy Eng. Fracture. Mech, (2008)75, 4610-4625 
[25] Mae, H. Characterization of Material Ductility of PP/EPR/talc Blend Under Wide 
Range of Stress Triaxiality at Intermediate and High Strain Rates. J. Appl. Polym. Sci 
(2008)854- 868 
[26] Arcan, M., Hashin, Z., Voloshin, A. Method to produce uniform plane stress states 
with applications to fiberreinforced materials. Experimental Mechanics (1978)18, 141-
146 
[27] M. Doyoyo, T. Wierzbicki, Experimental studies on the yield behavior of ductile and 
brittle aluminum foams. Inte. Jour. Plas. (2003) 19, 1195-1214 
[28] Sutton M.A., McNeill S.R., Helm J.D., et Chao Y.J., Advances in Two-Dimensional 
and Three-Dimensional Computer Visio. in: P.K. Rastogi, eds., Photomechanics, 
Springer, Berlin (Germany), (2000), pp. 323-372. 
[29] Sutton M.A., Wolters W.J, Peters W.H., Ranson W.F. et McNeill S.R., Determination
of  displacement using an improved digital correlation method. Image Vision Comput., 
(1983) 1, pp. 133-139. 
1044
K. Hachour, M. Aberkane and R. Ferhoum 
10 
[30] Burt P.J, Yen C., Xu X., Local correlation measures for motion analysis: a 
comparative study. Proceedings Conf. On Pattern Recognition and Image processing, 
(1982) 269. 
[31] Brémand F., Dupré J.C. & Lagarde A. Mesure des déformations sans contact par 
analyse d’images. Photomécanique 95 – Etude du comportement des matériaux et des 
structures, Ed. Eyrolles, (1995) 171-177. 
[32] Chu, T.C., Ranson, W.F., Sutton, M.A., Peters, W.H. Applications of digital-image-
correlation techniques to experimental mechanics. Exp. Mech. (1985) 25, 232–244 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
1045
